We develop a general procedure to analyse the pre-edges in 1s x-ray absorption near edge structure (XANES) of transition metal oxides and coordination complexes. Transition metal coordination complexes can be described from a local model with one metal ion. The 1s 3d quadrupole transitions are calculated with the charge-transfer multiplet program. Tetrahedral coordination complexes have more intense pre-edge structures due to the local mixing of 3d and 4p states, implying a combination of 1s 3d quadrupole and 1s 4p dipole transitions. Divalent transition metal oxides can be described similar to coordination complexes, but for trivalent and tetravalent oxides, additional structures are visible in the pre-edge region due to non-local dipole transitions. The 1s 4p dipole transitions have large cross section at the 3d-band region due to the strong metal-metal interactions, which are oxygen mediated. This yields large intensity in the 3d-band region but at a different energy than the local 1s 3d quadrupole transitions because of smaller core-hole effects due to the delocalization of the excited electron.
Introduction
The 1s XANES pre-edge structures of transition metal oxides are reviewed. The general understanding is that the 1s core levels can be explained with the single electron excitation model, while the 2p XAS spectra need a charge-transfer multiplet analysis, in particular for 3d transition metal systems. Using the single electron excitation model, the 1s XANES spectra are divided into the main edge due to transitions from the 1s core state to the 4p conduction band. Below the main edge are, in some cases, minor peaks visible that are denoted as pre-edge structure. These pre-edge structures are assigned as quadrupole transitions from the 1s core state to the empty 3d states. In case the inversion symmetry of the transition metal is broken, the pre-edge gains additional intensity due to the local 3d 4p wavefunction mixing, effectively allowing dipole transitions to the 4p character of the 3d-band.
The dipole selection rules state that the 1s core electron is excited to the lowest possible states with p character. In a firstrow transition metal oxide the lowest empty metal p state is the 4p-band that is formed from the anti-bonding combinations of the metal 4p states with the oxygen 2p states. We postpone a detailed description of the pre-edge structures and assume for the moment that the pre-edge relates to the quadrupole transitions to the empty 3d states.
The theoretical simulation of the transition metal K edge spectra can be performed with any single particle excitation model that describes the empty density of states [1] . One can use band structure codes such as PARATEC [2, 3] , WIEN2K [4] , CASTEP [5] or real space multiple scattering codes such as FDMNES [6] , FEFF [7] , CONTINUUM [8] and MXAN [9] . All these codes can reproduce in many cases the metal K edge XANES accurately, where it is noted that because of the 1s lifetime broadening of more than 1 eV, these calculations need to be correct only within this resolution.
The first detailed 1s XANES experiments were performed in the early eighties. The interpretation of the spectra was based on calculations either by multiple scattering [10] or band structure methods [11] . Grunes noted that one should include the response to the core hole as well as the excited-electron core-hole interaction, but the good agreement between single particle excitation calculations and experiment 0953-8984/09/104207+07$30.00 © 2009 IOP Publishing Ltd Printed in the UK indicated that such effects could be neglected, at least with the experimental resolution that was available [11] . Detailed band structure calculations of the transition metal K edges have been performed by Muller et al [12] and early multiple scattering calculations of the transition metal oxide K edges were carried out by Norman et al [13] . Important additions in these interpretations included the use of extended basis sets and the inclusion of the core-hole potential [14] . More recent band structure and multiple scattering calculations use final-state calculations including the core-hole potential and the K edge spectrum can be calculated over the whole XANES region. For example, Wu et al analyse the 1s XANES of a series of transition metal oxides (MnO, FeO, CoO, NiO) and they found a good agreement between their multiple scattering calculations and the experimental spectra [8] . The pre-edge is calculated as a quadrupole transition. In the experimental K edge spectrum, the preedge is essentially a single peak, which is also found in the calculations with the broadening as applied. Also with multiple scattering calculations using FEFF [7] , good agreement between the metal K edge and the calculated spectrum is found, where it can be shown that the spectral shape essentially reproduces the metal p-projected density of states, for example in the case of CaO [15] . In these calculations it is important to include the core-hole potential in order to reproduce the details of the spectral shape. Recent band structure calculations are able to reproduce the metal K edge XANES spectra in great detail. The PARATEC calculations from Cabaret et al [16] reproduce the TiO 2 K edge including its angular dependence. Juhin et al show the one-to-one correspondence between the empty density of states and the Cr K edge XANES of Cr impurities in MgAl 2 O 4 [17] .
These results show that the 1s XANES can be accurately described with single electron excitation calculations based on multiple scattering or band structure calculations. That such good agreement is found is actually rather surprising, because of the neglect of charge-transfer effects: the 1s core hole will pull down the 3d states, yielding, in principle, a combination of a well screened peak and a poorly screened peak, similar to the case of core level photoemission spectra. This phenomenon was originally described by Bair and Goddard [18] and observed by Tolentino et al [19] in case of La 2 CuO 4 . Recently, this model was also used by Collart et al [20] , who selectively excite the 1s 1 3d 9 L 4p 1 peak and the 1s 1 3d 8 4p 1 peak in La 2 NiO 4 to measure the corresponding RXES spectra. As has been discussed, the majority of K edge XANES simulations omit these charge-transfer effects and still find very good agreement.
Qualitative analysis of transition metal K edges has been important for the practical application of the technique. These qualitative analysis methods are based on the density of states interpretation and use characteristic features of the pre-edge and edge region to determine trends within related compounds. An initial qualitative relation between the 1s XANES spectra with site geometry and valence was provided by Kau et al [21] for copper compounds. In an extensive XANES study on iron minerals, Waychunas found a correlation between the bond angle variance, a measure for the site distortion, and the normalized pre-edge intensity [22] . Wilke and coworkers extended this relation and they determined that there is a correlation between pre-edge intensity with the local site symmetry [23] . In addition they found a correlation between the energy of the pre-edge barycentre correlates with the valence. These rules have been applied to Fe and Mn impurities in zeolite systems [24, 25] . Wong et al [26] found that the pre-edge and the edge shift with different energy scales. This provides an internal measure for the valence determination [27] . These empirical correlations show that also without a detailed theoretical foundation, pre-edge and edge structures can be used to derive useful information. The amount of information that can be extracted from an edge analysis can be considerably increased, though, with the development of more detailed theoretical analyses.
In this paper we will refine the interpretation of the 1s XANES spectra of transition metal systems. We will show that, in addition to the density of state based structures described above, additional peaks are present depending on the valence, local symmetry and the metal-metal distances.
HERFD-XANES spectra
An important improvement in the determination of spectral details for the K pre-edge structure is the development of high-energy resolution fluorescence detected (HERFD) xray absorption. XANES spectra can be measured with a fluorescence detector with an energy resolution that is similar to the core hole lifetime broadening. In the energy range of the transition metal K edges these detectors are based on perfect crystal Bragg optics. The common Rowland geometry uses spherically bent crystals with a suitable Bragg reflection at a specific x-ray emission energy and the x-rays are focussed on a photon counter. These detectors and the experiments that can be performed with them are discussed, for example in the review paper by Glatzel and Bergmann [28] and also in the book Core Level Spectroscopy of Solids [29] . Hamalainen et al [30] showed that in such measurements the life time broadening of the 1s core hole no longer appears in the spectra.
As an example, the cobalt K edge x-ray absorption spectra of CoO is given in figure 1. The normal K edge XANES spectrum (dashed) is given in comparison with the HERFD-XANES (red, solid). The pre-edge is visible between 7706 and 7710 eV. The edge start at approximately 7715 eV. The large amount of additionally resolved structures in the 1s HERFD-XANES spectrum of CoO can be used as an example to show how accurate the band structure and multiple scattering calculations are in reproducing these features.
The 1s pre-edge structures

The pre-edge structures in coordination complexes
For the interpretation of the XANES spectra, coordination complexes are considered as isolated metal ions, surrounded by ligands. The general model to interpret pre-edges is to consider them as quadrupole transitions into the empty 3d states. Quadrupole transitions have intrinsic transition strength of approximately 0.1% of the dipole transitions, but because of the high density of states for the 3d-band they are visible as small peaks with ∼1-3% intensity in most, octahedral, transition metal systems. If inversion symmetry is broken, for example in tetrahedral coordination complexes, the metal 3d and 4p states mix and there are direct dipole transitions into the 4p character of the 3d-band.
Octahedral coordination complexes only have quadrupole transitions and these transitions can be simulated from 3d N to 1s 1 3d N +1 multiplet calculations. Figure 2 shows these 3d N → 1s 1 3d N +1 calculations, for N = 0-9. The final state contains a 1s core hole, but the 1s 3d interaction has no effect on the energy splittings of the pre-edge structures. In fact, the complete structure is determined by the 3d N +1 multiplet positions and their coupling to the ground state. If one neglects the small 3d spin-orbit coupling this approach has been used by Westre et al [31] to explain the pre-edge structures in iron coordination complexes.
It can also be shown that charge-transfer effects have little effect on the 1s 3d quadrupole pre-edge spectral shapes. Figure 3 shows the difference between an ionic and a chargetransfer calculation. With the parameters used a significant charge-transfer state was visible in the iron L edge, but the K edge shows almost no charge-transfer structures. These crystal field multiplet calculations reproduce the pre-edge structures of a series of iron coordination complexes [31, 32] and manganese coordination complexes [33] . In fact, also many bulk transition metal oxide systems can be reproduced with this procedure [34] . The low intensity peaks in figure 3 between 6 and 10 eV will be undetectable, also because the presence of the main edge at these energies. An important difference between K pre-edge and L edge structures is that the L edges are strongly influenced by the multiplet effects of the 2p core hole, i.e. the 2p 3d two-electron integrals, that redistribute the states and intensities significantly. The 1s core hole has essentially no effect (other than its charge) on the multiplet states, implying that they stay closer to their situation in the ground state. Tetrahedral transition metal coordination complexes, or in general systems where inversion symmetry is broken, have dipole-quadrupole mixing [31, 35] . In case of tetrahedral symmetry, the local dipole-quadrupole mixing only involves the t 2 -states, not e-states. This has been nicely shown for a series of titanium coordination complexes by de Beer et al [35] . Because inversion symmetry is broken, the metal 3d and 4p states mix with each other and form a set of combined 3d + 4p symmetry states. As such, the dipole (D) and quadrupole (Q) transitions reach the same final states, and their peaks are visible at the same energy.
The 1s XANES pre-edge structures in bulk oxides
The situation of bulk oxides is more complex, because in addition to the local effects, there can be effects due to translation symmetry and/or effects due to metal-metal charge transfer. Figure 4 compares four experimental pre-edge structures with crystal field multiplet calculations. One can observe that the experimental spectral shapes are relatively well reproduced. The Mn 2 O 3 (3d 4 ), MnO (3d 5 ) and Fe 2 SiO 4 (3d 6 ) have been measured with HERFD-XANES with 1.0 eV overall resolution and CoO (3d 7 ) has been measured with 0.3 eV overall resolution. In all cases the constant emission energy (CEE) spectrum is given, in other words the partial fluorescence yield (PFY) spectrum at one particular emission energy. If high resolution is used the PFY spectrum can deviate from the actual x-ray absorption spectrum as will be discussed in section 3.3.
It is difficult to compare these results with the multiple scattering and band structure results as discussed above, because in most calculations that analyse the pre-edge structure of normal XANES spectra only a single peak is visible in both experiment and theory [8] . Exceptions are the DFT calculations of TiO 2 that reveal two dipole and two quadrupole peaks [16] , but for this 3d 0 system there is no difference between multiplet and DFT calculations. Recently, band structure calculations have been used to describe HERFD-XANES spectra. The Fe 2 O 3 spectrum is reproduced by the density of states, as discussed in detail in section 3.4. Again, for this 3d 5 system, there is no visible difference between multiplet calculations and the DFT results. Juhin et al analysed the angular dependence of the pre-edge structure of the Cr K edge of Cr 3+ in MgAl 2 O 4 . They show that the angular dependence can only be reproduced with crystal field multiplet calculations, while the DFT calculations do not correctly reproduce this effect [36] .
We conclude that for all spectra where the pre-edge structure has been revealed, the crystal field multiplet calculations reproduce the observed spectra. In case of Cr 3+ , Fe 2+ and Co 2+ ions in oxides these effects have not (correctly) been calculated by DFT based calculations.
The 1s 2p resonant x-ray emission spectrum of CoO.
The need for detailed (multiplet) calculations becomes more apparent from the 1s 2p resonant x-ray emission spectra, or alternatively the resonant inelastic x-ray scattering (RIXS). We will show the crystal field multiplet calculations for CoO as an example. The 1s 3d excitation is described as the transition from 3d 7 to 1s 1 3d 8 and the 1s 2p decay is described as the transition from 1s 1 3d 8 to 2p 5 3d 8 . Figure 5 shows the 3d 7 experimental resolution of the x-ray monochromator and the x-ray detector. The intermediate state 1s lifetime broadening plays a role in the denominator of the Kramers-Heisenberg formula and effectively determines the energy range in which states interfere. In case of CoO, the interference effects on the 1s 2p RIXS spectrum of CoO are significant due to the large overlap of the 1s 1 3d 8 intermediate states [37] . An important result is that the 1s 2p RIXS spectrum contains many details that can be used for a more precise simulation and hence for a better description of the electronic structure. The recent highresolution experiments agree with these calculations [37] . No additional structure is visible in experiment, other than these, coherent, 3d 7 → 1s 1 3d 8 → 2p 5 3d 8 transitions. For the general interpretation of the pre-edge structures, this implies that the general model of the quadrupole pre-edge plus dipole edge is exactly confirmed in case of CoO.
The pre-edge structures in trivalent and tetravalent bulk oxides with inversion symmetry
Rutile TiO 2 , MnO 2 , LiCoO 2 and LaCoO 3 have crystal structures where both the metal-oxygen and the metal-metal bonds have inversion symmetry. We ignore the breaking of inversion symmetry by magnetic ordering for the moment. Inversion symmetry implies the absence of dipole-quadrupole mixing. Figure 6 shows the cobalt K edge x-ray absorption spectra of LiCoO 2 . The normal K edge XANES spectrum is given in comparison with the HERFD-XANES. The peak at 7718 eV is related to the main edge, in other words to the dipole transitions to the 4p-band. The 1s XANES spectrum of LiCoO 2 contains two clearly observable pre-edges A and B. LiCoO 2 is a non-magnetic (S = 0) low-spin oxide and its ground state has a filled t 2g band and an empty e g band. This implies the presence of a single 1s 3d quadrupole peak, which seems in contrast with the two peaks in experiment. Detailed angular dependent experiments showed that the first peak (A) at 7709 eV has quadrupole nature and the second peak (B) at 7711 eV has dipole character [37] . This second preedge peak of dipole character is absent in a Co(aceto-acetate) 3 coordination complex. Both systems are low-spin trivalent cobalt systems, where Co(acac) 3 has isolated Co III ions and LiCoO 2 contains oxygen mediated Co-Co interactions. These observations indicate that the first peak is the local 1s 3d quadrupole transition, while the second peak is a dipole 1s 4p transition to the 4p character of the 3d-band. Because of the inversion symmetry, this 4p character cannot mix with 3d character locally, but one can imagine the mixing of 4p character of a neighbouring Co atom into the 3d states of the Co atom, where the core hole is excited [37] . Figure 7 indicates the three types of final states, i.e. the 1s 4p dipole transition to the empty 4p-band (top), the 1s 4p dipole transition that is coupled to a 3d state of a neighbouring Co atom (middle) and the 1s 3d quadrupole transition into the local 3d states (bottom). Because the core hole is positioned at metal M, the bottom configuration feels a much stronger core-hole potential and as a result it is shifted to lower energy, compared with the middle situation, where the core-hole sites on M but the 3d state is localized at metal M . These nonlocal pre-edge transitions have been observed for the low-spin trivalent cobalt oxides LiCoO 2 , AgCoO 2 LaCoO 3 [37] and also for TiO 2 [16, 38, 39] and MnO 2 [40] . Shukla et al observed very small non-local transitions, alternatively called off-site transitions, in La 2 CuO 4 [41] .
The pre-edge structures in trivalent bulk oxides without inversion symmetry
Metal oxides without inversion symmetry allow the local mixing of 4p and 3d states. For example, Fe 2 O 3 has the corundum structure where the Fe-Fe bonds are strongly deviating from inversion symmetry, with essentially aligned short and long Fe-Fe bonds. The pre-edge structure of Fe 2 O 3 shows an angular dependent structure [42] that can be explained as a combination of dipole and quadrupole transitions. Figure 8 compares the pre-edge intensity ratio of the T 2g and E g pre-edge peaks for dipole and quadrupole transitions. The intensity of the dipole transitions has been taken from Glatzel et al [42] and the quadrupole transitions have been calculated as the 3d 6 → 1s 1 3d 7 multiplet transitions in C 3v symmetry. The quadrupole transitions have a larger T 2g pre-edge and the dipole transitions a larger E g pre-edge. Both have an angular dependence where E g preedge is favoured for the polarization perpendicular to the caxis. The bars in the middle of figure 8 simulate a 50:50 mixture of dipole and quadrupole character, which reproduce the experimental results [42] . This indicates that the pre-edge structures of Fe 2 O 3 have an approximately 50% dipole and a 50% quadrupole character. We note that this is at odds with the results by Dräger et al [43] and further experiments, e.g. angular dependent studies, are necessary. Because of the absence of the inversion symmetry, the 4p states and the 3d states can locally mix. The short Fe-Fe distance and large distortion from inversion symmetry explain the relatively large dipole component. Also the HERFD-XANES spectra of Fe 2 O 3 indicate the presence of an additional a pre-edge structure at higher energy, which would be consistent with it being a nonlocal transition similar to the oxides discussed in section 3.3. This interplay between local dipole transitions and non-local dipole transitions remains as yet an open issue that must be further studied [42] .
Concluding remarks
We have given a consistent interpretation of the pre-edge structures in 1s XANES spectra of transition metal oxides and coordination complexes. Transition metal coordination complexes can be well described with a local model containing only one metal ion. Octahedral coordination complexes show weak pre-edge features due to the 1s 3d quadrupole transitions and tetrahedral coordination complexes have more intense preedge structures due to the local mixing of 3d and 4s states. The 1s 3d quadrupole transitions are calculated with the chargetransfer multiplet program for the 3d N to 1s 1 3d N +1 multiplet transition.
Divalent transition metal oxides can be described similar to coordination coordination complexes, but for trivalent, and tetravalent, oxides, additional structures are visible in the pre-edge region due to non-local dipole transitions, related to oxygen mediated metal-metal interactions. This yields additional intensity at the 3d-band region, which appears at a different energy than the local 1s 3d quadrupole transitions due to the smaller core-hole potential due to the delocalization of the excited electron.
The main edge of the 1s XANES can be accurately described with multiple scattering and band structure calculations.
It turns out that in most cases, chargetransfer effects are not detectable and single electron excitation calculations find very good agreement.
